Abstract. When structures that consist of powders of two or more materials, such as low temperature co-fired ceramic packages or a planar solid oxide fuel cells, are sintered, the mismatch in the sintering shrinkage rates between the different materials produces stress, since the faster shrinking materials are constrained by those that shrink at a slower rate. These stresses can lead to the formation of defects such as cracks or shape distortion. Results of recent model experiments to study the constrained sintering in multi-material systems will be discussed for two model geometries. The first geometry is a simple bi-layer consisting of single layers of two different materials bonded together. Results of in situ observation of sintering bi-layers will be presented and discussed in relation to the properties of the individual layers such as their free sintering rates, uniaxial viscosities and viscous Poisson's ratio. The second geometry studied was that of a ring of one material filled with a cylinder of a second, slower shrinking material. In this case, the results of several variations of this geometry including filling the ring either fully or partly with a rigid, nonshrinking cylinder or with rigid, non-cylindrical shapes will be presented and discussed.
Introduction
In an ever increasing number of technological applications, structures that consist of two or more ceramics or of ceramic and metal powders are fabricated by co-sintering. In these applications, the differential densification rates between the materials generate stress that alters the densification behavior of the materials and can cause shape distortion and/or the appearance of defects like cracks and delaminations. There are also situations where a ceramic is sintered such that shrinkage in one or more directions is fully constrained due to, for example, the attachment of a ceramic layer to a rigid surface, as in thick film applications, or to non-sintering layers, as in "zero-shrink" low temperature co-fired packages. The use of a continuum constrained sintering model can greatly facilitate the design and successful sintering of these structures. [1] [2] [3] [4] [5] For such models to be able to accurately predict the sintering behavior of these structures, they must rely on accurate experimental materials sintering data for each of the materials in the structure which are input into the model along with the specific geometric arrangement of the material of interest. These data include the free densification rates, uniaxial viscosities and viscous Poisson's ratios of the materials as a function of temperature and density. [6] In addition to providing input data to sintering models, experiments are also required to verify the predictions of those models. This paper will discuss constrained sintering experiments that utilize two different simple geometries that are useful for verification of continuum sintering models. The first geometry is a bi-layer that consists of two different layers bonded together along one surface. The layers can differ in composition or could consist of the same material but differing in green density and/or particle size distribution. For this geometry, the constraint that each layer imposes on the other causes a difference in the shrinkage rates of each layer in the thickness direction as opposed to the in-plane direction and also cause the structure to warp. The second geometry used is that of a ring of one material sintering around a cylindrical core of another material. The core can differ from the outer ring in composition, green density or particle size distribution, or, for the experiments discussed here, can be a rigid, non-sintering material that fully constrains the ring from decreasing its inner diameter during sintering. Using the rigid core maximizes the effect of the constraint and also allows a single sintering material to be studied, which simplifies model verification. Several variations of this geometry were studied. Each variation of this geometry that focuses on a different aspect of continuum sintering model predictions, such as the effect of interfacial friction, the development of microstructural anisotropy due to constrained sintering, the growth of defects dues to sintering stress and in addition to shape deformation.
When a ring of material that is constrained in some fashion sinters, the amount of shrinkage of the inner and outer circumference and in the radial direction will be different but related. Fig. 1 shows the relationship between the linear shrinkage values in the circumferential and radial directions for the two-dimensional cross-section through a cylindrical sample that undergoes a 30% reduction in area with various types of constraint. Four special cases are shown. On the far right is the case, difficult to achieve experimentally, where the outer circumference is completely constrained, which forces the inner circumference to increase leading to a huge degree of radial shrinkage. The next case shown is the one studied in this work, where the shrinkage of the inner circumference is totally constrained. In this case, the radial shrinkage will be about twice that of the outer circumference. These relationships do not include the effect of the constraint on the thickness of the ring in an actual three-dimensional sample. The next case is the free sintering case where no constraint is present and the shrinkage values are all equal. The final case shown is for when the radial shrinkage is completely constrained, which is also difficult is achieve experimentally. 
Experimental Procedure
Two different types of bi-layers were fabricated; one using commercial LTCC materials (951 green tape, 6139 Ag-Pd conductor ink, both from E. I. du Pont de Nemours & Co., Inc., Wilmington, DE, USA and D-963-CT Ag-Pd conductor ink from Electro-Science Labs, King of Prussia, PA, USA) and the second using zinc oxide powder (Aldrich Chem. Co., 0.2 µm). For the first type, a layer of the conductor ink was screen printed on the green tape for each of the inks and then dried. Both inks contained 20% Pd but one was a mixture of Ad and Pd particles (Dupont) while the other was prealloyed (ESL). A high temperature video imaging system was used to observe the sintering 
Initial shape
Possible shapes after shrinking 30% 502 11th International Ceramics Congress behavior of each of the three materials by themselves and each of the bi-layers. For the individual materials, the linear shrinkage in the in-plane direction was measured from images during heating at 10°C/min to 950°C. The bi-layers were observed edge on using the same system and sintering schedule so that the in-plane shrinkage and the radius of curvature could be determined. The second type of bi-layer was fabricated by separately pressing two pellets and different pressures, 30 MPa and 170 MPa, to give green densities of 47% and 57%, respectively. The pellets were then bonded together using slurry of the same powder. The pellet bi-layer was then ground into a bar using abrasive paper. The bi-layer was then sintered by heating at 5°C/min to 1000°C.
Rings were pressed from zinc oxide (Aldrich Chem. Co., 0.2 µm) and alumina (Sumitomo AKP-53, Sumitomo Chem. Co.) powders using a special die with an outer diameter of 2.54 cm, in inner diameter of 1.27 cm and a nominal thickness of 6 mm. Rings were then sintered after placing rigid, dense 99% alumina cores inside the holes in the ring to constrain their shrinkage. In one series of experiments, the cores used were cylinders 1.25 cm in diameter that were long enough to extend past the top and bottom of the rings. The samples were then either sintered to high density with the cores in place or they were partially sintered, and then resintered to high density after first cooling and removing the cores. In one series of experiments, a diamond saw was used to cut a slot in the outer surface of the bisque-fired ZnO ring, parallel to the ring axis, prior to sintering the ring to high density with a rigid alumina cylindrical core entirely filling the hole. Three rings with slot depths of 1.2, 2.2 and 3.2 mm were sintered. In two experiments, the cylindrical cores did not entirely fill the holes. In one case, the core filled only the bottom half of the hole and in the other it filled only the middle third. These samples were also sintered to high density. In the final set of experiments, the cylindrical cores were cut using a diamond saw into square, triangular or rectangular shapes. The shapes were cut so that the regions of contact between these shapes and the rings still had the original cylindrical curvature. The shapes were then placed in the holes of rings that were then sintered to high density.
Results and Discussion
Although both Ag-Pd conductor inks were nominally of the same composition, their shrinkage behavior, measured with the video imaging system, were radically different, as shown in Fig. 2 . The ink that is a mixture of silver and palladium particles expanded over 10% around 350°C, before starting to shrink at ~600°C. [7] On the other hand, the pre-alloyed ink shrank steadily starting ~550°C. The effect that the radically different sintering behavior of the two inks has on the cofiring of bi-layers with the LTCC is shown in Fig. 3 . The bi-layer with the pre-alloyed ink (Fig. 3a) first starts to curve with the Ag-Pd ink on the concave surface because the ink wants to shrink at a faster rate than the LTCC between ~550°C and ~675°C. Then with continued heating, the bi-layer starts to curve in the opposite direction as the shrinkage rate of the LTCC becomes much greater than that of the ink. The sign of the curvature change ~750C so that the LTCC is on the concave surface with continued heating to 900°C. The expansion of the mixture ink causes the bi-layer made with it to rapidly become curved with the LTCC on the concave surface ~375°C. The bi-layer begins to decrease in curvature at ~800°C where the shrinkage rate of the ink exceeds that of the LTCC so that the sign of the curvature changes and the sample is curved with the Ag-Pd ink of the concave surface at the end of sintering.
The results of ZnO bi-layer sintering experiment are compared to the predictions of a continuum model in Fig. 4. [1] The input parameters for the model such as the free sintering rates the uniaxial viscosity of the materials were experimentally determined from free sintering and sinter forging experiments. As the images and the data in the table show, there was good agreement between the model predictions and the actual bi-layer sample.
Advances in Science and Technology Vol. 45 5a shows the cross section of an alumina ring that was sintered to high density with a dense rigid alumina core (also shown on the left) that filled the hole in the ring and extended above and below it. The top and bottom surfaces of the ring were flat from the outer surface to about 2/3 of the way to the inner surface where the thickness of the ring began to increase to a maximum at the inner surface. Recently, Reiterer et. al. modeled the sintering such a constrained ring and found that with the use of the appropriate value for the friction coefficient between the ring and the core, the Fig. 5b . shows how the constraint effects the amount of shrinkage in the circumferential, radial and thickness directions. The constraint forces the circumferential shrinkage at the inner radius to be zero and the viscous Poisson's effect causes the amount of shrinkage in the radial (width) and thickness directions to be much greater so that there is essentially no difference in the final density as compared to a similar ring sintered unfilled.
a. b. Figure 5 . The results of the sintering of an alumina ring that contained a rigid cylindrical core: a.) the cross-section of the ring and b.) the shrinkage of the outer diameter, the width and the thickness of the ring as a function of temperature.
The results of another set of experiments designed to allow constrained sintering model verification are shown in Figs. 6 and 7. In these experiments, rings of zinc oxide were partially sintered (to 750°C for Fig. 6 and 850°C for Fig. 7 ) with rigid alumina cylinders completely filling their holes and then re-sintered, after cooling and removal of the cores, to 1000°C. The graphs show the amount of linear shrinkage in the various directions for the rings after the first sintering with the cores, in Fig. 6a and 7a , from after the first sintering to after the re-sintering, in Fig. 6b and 7b , and the total shrinkage from start to finish in Fig. 6c and 7c . These results indicate how the presence of the constraint generates anisotropy in the rings since once the cores are removed, the shrinkage in inner and outer diameter are much greater than in the other directions even though the samples were unconstrained during the re-sintering. When the constraint was removed relatively early in the sintering process (750°C), the total overall linear shrinkage was nearly the same in all directions and was similar to that of a ring sintered using the same thermal cycle but without the presence of a core. When the constrained sintering was done to the higher temperature of 850°C, the total shrinkage in the inner and outer diameter was still significantly less than in the width and thickness directions. This effect of induced anisotropy should also be captured in any constrained sintering model, the predictions of which should match the results measured on these samples. Further evidence of this anisotropy is shown in Fig. 7 . These samples were sintered in the same fashion as those described in Figs. 5 and 6 except that they were cut in half after the initial portion of the sintering when the cylindrical cores were present, and then re-sintered. As shown, the circumferential shrinkage at the inner diameter was greater than at the outer for each of the samples shown so that cut edges became slanted. The amount of slanting was most for the sample initially sintered to 750°C and least for the one initially sintered to 850°C. c. Figure 6 . The linear shrinkage of ZnO rings that were sintered to 750°C with dense cylindrical cores of alumina and then to 1000°C after the cores were removed. The shrinkage during the initial constrained sintering is shown in a. for the outer diameter (OD), inner diameter (ID), thickness (TH) and width (WD) of the ring. The shrinkage during the re-sintering without the core is given in b. and the total shrinkage in c. The darker bars are for an identical ring that was sintered without the presence of a core. a.
b. c. Figure 7 . The shrinkage of ZnO rings that were sintered to 850°C with dense cylindrical cores of alumina and then to 1000°C after the cores were removed. See caption of Fig. 6 for more information.
a.
b. c. Figure 8 . The shape of rings zinc oxide that were partially sintered by heating to either 750°C (a.), 800°C (b.) or 850°C (c.) with a rigid cylindrical core and then sawed in half and resintered to higher temperature after the core was removed. Note that the angle that the edges make with the flat surface decreases as the temperature where the constraint was removed increases.
The results of sintering the notched zinc oxide rings to 950°C are shown in Fig. 9 . The sample shown on the right that had a notch that was initially 1.2mm deep, ~19 % of the ring width of 6.35 mm, showed some widening of the slot but with only slight crack growth. The center sample whose notch was initially ~35% of the way through the ring showed much greater widening of the slot along with the presence of a crack about equal to the slot in length. The sample with the deepest slot, ~50% of the ring width, cracked completely through relatively early in the sintering process since a sizable gap has opened between the two surfaces of the crack. These results could test the predictions of a sintering model that has a criterion for crack growth during sintering incorporated. An image of a alumina ring that was sintered filled half-way with a rigid alumina cylinder and then was cross-sectioned is shown in Fig. 10 . As shown, the presence of the rigid cylinder in the bottom half of the ring caused severe distortion during sintering characterized by a tilting of the crosssection of the ring. The bottom and outer surfaces of the ring remained essentially straight while the top was slightly curved and the inner surface showed significant curvature around the region that contacted the corner of the cylinder. The tilting caused a gap to form between the inner surface of the ring and the cylinder at the bottom edge of the ring. Recently, this experiment was modeled using a continuum finite-element approach by Reiterer et. al. who found excellent agreement between the predicted and actual shapes. [8] Fig. 11 shows the cross section of a zinc oxide ring that was sintered with a rigid alumina disk filling only the center third of the hole in the ring. In this case, the top, bottom and outer surface were all straight, although the top and bottom were slanted such that the ring thickness was greater at the inner surface than at the outer. Also, the inner surface was deformed such that the hole radius decreased from the corners of the alumina disk towards the top and bottom of the ring. Figure 10 . An optical image of a zinc oxide ring that was sintered with a rigid cylindrical alumina core that only filled the bottom half of the ring. Figure 11 . An optical image of a zinc oxide ring that was sintered with a rigid cylindrical alumina core that only filled the center third of the hole in the ring. Fig. 12 shows three zinc oxide rings that were sintered to high density with non-cylindrical rigid alumina cores, along with a similar ring that was sintered with the center hole unfilled. The square, triangular and bar-shaped cores were cut from cylinders so that the areas or contact between the cores and the rings had the same curvature. As shown, significant shape deformation of the rings occurred during sintering without cracking. Results of the shapes predicted by a constrained sintering model can be compared to these experimental results as a further verification. Figure 12 . Zinc oxide rings that were sintered to high density either no core, a square core, a triangular core or a bar-shaped core.
A further feature of the samples shown in Fig. 12 that can be used to test a constrained sintering model is shown in Fig. 13 : the height and shape of the thicker region of the ring found near the contact areas with the rigid non-circular inserts. Presumably, the model should be able to predict the contour of these regions using the same friction coefficient that was determined by fitting the model to the case where the core was a rigid cylinder, as discussed above. 
Summary and Conclusions
Model constrained sintering experiments have been performed using two simple geometries that allow the predictions of continuum constrained sintering models to be validated. The bi-layer geometry allows validation of curvature development as well as the in-plane shrinkage and the thickness shrinkage of each material. The constrained ring geometry can also validate predictions of different shrinkage amounts in different directions and of shape distortion. In addition it can be used to validate predictions of crack growth due to sintering stresses and the development of anisotropy due to the presence of a constraint. Thus far, some of the predictions of a continuum constrained sintering model have been validated by these results, the ZnO bi-layer and the ring completely or half filled with a rigid cylinder for example.
